ABSTRACT.-When evolutionarily divergent lineages adjoin their geographic ranges after a period of isolation, myriad outcomes can occur, from population anastomosis to the evolution of reproductive isolation by way of reinforcement. Hybrid zones represent natural experiments that may indicate whether lineages will maintain their evolutionary independence. Here, we report on a hybrid zone in the Eastern Red-Backed Salamander, Plethodon cinereus, a highly abundant and wide-ranging terrestrial salamander found in the northeastern United States and in southeastern Canada. An earlier study identified six distinct mitochondrial clades across the range of P. cinereus. Populations of two of these clades were as close as 9.6 km apart in Lorain County, Ohio, USA. To investigate the nature of this contact zone, we sampled 316 individuals from 16 sites along a 53-km transect, and analyzed 10 microsatellite loci and one mitochondrial locus. We found a clinal transition for mtDNA haplotypes. In contrast, most studies of terrestrial plethodontid salamanders commonly exhibit sharp boundaries between mtDNA clades. Microsatellite markers, however, revealed little differentiation and weak population structure, suggesting the nuclear cline, if it exists, lies outside of our sampling region. Explanations for the discordance between the mitochondrial DNA and our microsatellite data include lineage sorting, male-biased dispersal, or historical introgression of mtDNA, among other possibilities. We compare our results with other studies of introgression in terrestrial salamanders, and discuss the causes of mitonuclear discordance.
Secondary contact zones, where formerly geographically isolated populations recontact, provide ideal natural systems for evolutionary biologists to study the factors that influence the genetic independence of evolutionary lineages (Harrison, 1993) . Analyzing geographic transitions in morphological traits and genetic markers between interacting populations at points of secondary contact allows for inference of the strength and mode of selection operating on traits, and estimation of the degree of reproductive isolation (Barton and Hewitt, 1989) . Although hybridization (referring to interbreeding or backcrossing between genetically distinct populations) can often be diagnosed using anatomical characters (e.g., Kuchta, 2007; Gay et al., 2008; Devitt et al., 2011) , some contact zones involve parent populations that are difficult to distinguish morphologically (e.g., Highton, 1999; Martínez-Solano et al., 2007) . Genetic markers are particularly useful for studying cryptic contact zones because they can reveal patterns of genetic structure and gene flow between morphologically similar, yet genetically differentiated, populations.
In this paper, we report on a study of a cryptic contact zone in the Eastern Red-Backed Salamander, Plethodon cinereus. For many eastern North American herpetofauna, ice sheets and climate change have limited northern ranges during the Last Glacial Maximum (LGM) about 22,000-18,000 years before present (Dyke, 2004) . Climatic oscillations of the Pleistocene and eventual deglaciation led to dynamic phylogeographic patterns, often with divergence in multiple refugia, followed by secondary contact (e.g., Ambystoma maculatum, Zamudio and Savage, 2003; Rana sylvatica, Lee-Yaw et al., 2008 ; Plethodon serratus, Newman and Austin, 2015; Thesing et al., 2016 ; Eurycea lucifuga, Edgington et al., 2016) . In some amphibian species, previously glaciated northern regions comprise a large portion of the species range, providing natural systems to study range expansion and the secondary contact of multiple colonizing lineages.
Plethodon cinereus is one of the most abundant terrestrial vertebrates in eastern North America (Burton and Likens, 1975) , and ranges from North Carolina, USA, to southern Canada. Much of the current range of P. cinereus overlaps with regions that were covered by ice sheets during the LGM. Little allozyme genetic variation exists among widely distributed populations across the previously glaciated parts of the range, despite considerable genetic structure among populations to the south (Highton and Webster, 1976; Hass, 1985) . This pattern suggests rapid northern expansion following deglaciation, with the source populations along the Atlantic coast (Hass, 1985) . In addition, a study of population structure in P. cinereus in northern Indiana using microsatellites also found a lack of both population structure and isolation-by-distance, which also suggests rapid post-Pleistocene range expansion (Jordan et al., 2009) .
More recently, phylogeographic analyses with mtDNA recovered six distinct mtDNA clades, with coalescence times estimated at 1.42 million years (95% highest posterior density [HPD]: 1.12-2.36 million years ago [Ma] ; Radomski, 2017) , although with processes such as incomplete lineage sorting in single-locus estimates, the actual divergence dates may be more recent (Edwards, 2009) . Three of these clades inhabit the postglacial landscape, all of which are found in northern Ohio, USA. Two of these clades, with estimated mtDNA coalescence times of 0.99 million years (0.66-1.54 Ma), are located in close proximity (9.6 km) in Lorain County, Ohio, suggesting this is a probable point of secondary contact between divergent groups of populations. In this study, we explored the genetic structure of this putative contact zone using mtDNA and microsatellite loci. Our aim was to quantify the degree of admixture, with possible results ranging from random mating to complete reproductive isolation, and to identify the center and width of the genetic clines. If mtDNA accurately reflects the presence of a secondary contact zone, we hypothesized that microsatellite loci would show similar clinal variation across the sampling transect, though the nuclear loci could vary in their inferred cline widths and centers. Contrary to our hypothesis, we did not find evidence of a cline in the nuclear data, even though our sampling range was 53 km. We compare our results with other studies of secondary contacts in terrestrial salamanders and discuss the possible explanations for the discordance between mtDNA and the microsatellite loci.
MATERIALS AND METHODS
Contact Zone Sampling.-We collected tail tips from 316 individuals of P. cinereus from 16 sites (mean: 19.8 individuals/ site), each visited once, between October 2013 and June 2017 (Table  1 ; Fig. 1A,B) . Tail tips were stored in 95% ethanol, and we released salamanders at the place of capture. Our sampling spans the contact between two clades of P. cinereus, which Radomski (2017) referred to as the Ohio (OH) clade (the western portion of our sampling) and the Pennsylvania (PA) clade (the eastern portion of our sampling). Our sample sites 12 and 10, which are 9.6 km apart, represent the OH and PA mtDNA clades, respectively (Radomski, 2017) . We sampled an east-west cline because visual examination of clade ranges suggests the PA clade colonized from the east, and the OH clade from the west, and the transect is bounded by Lake Erie to the north. Recent agricultural and suburban development in the area limited dense spatial sampling. A straight-line distance of 53.3 km separates our most widely spaced samples.
Laboratory Procedures.-We extracted DNA from tail tips with the use of Wizard Genomic DNA Purification Kits (Promega, Inc., Madison, Wisconsin, USA). To assign individuals to PA or OH mtDNA clades, we amplified an 845 base-pair region of cytochrome b with polymerase chain reaction (PCR; Appendix 1 and 2) and then subjected sequences to restriction fragment length polymorphism (RFLP) analysis (Kuchta, 2007) . mtDNA sequence data from localities within and outside of the transect are consistent with eastward expansion of the OH clade, although PA-clade localities show no variation (Radomski, 2017; Supplementary Fig. S1 created in TCS v.1.21; Clement et al., 2000) . Therefore, a binary clade assignment was sufficiently informative for mtDNA haplotypes at this scale. We performed the RFLP procedure twice for each individual: the first run used the restriction enzyme AluI, which cut the amplified sequence once for the PA clade and twice for the OH clade; the second run used the restriction enzyme RsaI, which cut the PA sequence twice and the OH sequence once. Procedures for both restriction enzymes were 4 lL dH 2 O, 1 lL 1X buffer, 1 lL restriction enzyme, and 4 lL PCR product. We incubated reactions at 378C for 16 h followed by a 20-min incubation at 658C, and visualized fragments on 3% agarose gels.
We also amplified 10 microsatellite loci (Cameron et al., 2017) . The names of loci and PCR procedures are detailed in Appendixes 3 and 4. We confirmed successful reactions using gel electrophoresis with 3% agarose gels before fragment analysis on an Applied Biosystems 3730 at Arizona State University (Life Technologies, Inc., Waltham, Massachusetts, USA). We conducted our PCR procedures only once upon obtaining successful reactions. To obtain genotypes, BPW and MMH manually assigned peaks and bins using Geneious v.9.1.5 (Kearse et al., 2012) . We carefully compared the calls of both researchers to verify consistency.
Microsatellite Quality Control and Summary Statistics.-We assessed microsatellite loci for scoring errors, homozygote excess, and the presence of null alleles using Micro-Checker v.2.2.3 (Van Oosterhout et al., 2004) . We calculated the number of alleles, effective number of alleles, number of private alleles, and the observed and expected heterozygosity in GenAlEx v.6.5 (Peakall and Smouse, 2012). We used Genepop v.4.3 (Rousset, 2008) to calculate the Weir and Cockerham (1984) estimates of F IS and to conduct exact tests for departures from Hardy-Weinberg equilibrium (HWE) and genotypic equilibrium, following sequential Bonferroni correction (Holm, 1979) . Finally, we used the 'PopGenKit' package (Paquette, 2012 ) in R v.3.3.3 (R Core Team, 2014 to calculate allelic richness (A r ; number of replicates = 1,000) standardized to the sample size of the smallest sample (site 14; n = 10).
Microsatellite Genetic Differentiation and Isolation-by-Distance.-We calculated genetic differentiation with locus-specific and pairwise G'' ST in GenAlEx v.6.5 with P-values estimated from 9,999 permutations. G'' ST is a G-statistic that scales G ST from 0.0 to 1.0 and corrects for bias in pairwise comparisons (Meirmans and Hedrick, 2011) . Additionally, we calculated G'' ST among individuals pooled by mtDNA clade (OH vs. PA).
To test for isolation-by-distance, we conducted a distance-based redundancy analysis (db-RDA; Legendre and Fortin, 2010) in the R package 'vegan' (Oksanen et al., 2017) . We used this test to quantify the proportion of variation in a matrix of genetic distances that was explained by geographic coordinates. We calculated genetic distances as pairwise F ST (Weir and Cockerham, 1984) in Genepop (Rousset, 2008) . We report adjusted R 2 values to correct for inflation of R 2 in the db-RDA (Bocard et al., 2011) . Microsatellite Population Structure and Hybrid Identification.-We analyzed population structure with the use of three approaches. First, we conducted a discriminant analysis of principle components (DAPC) in the R package 'adegenet' 1.4-2 (Jombart, 2008) . DAPC uses k-means clustering that maximizes variation between groups after transforming the data with principle components analysis (PCA). We used Bayesian information criteria (BIC) to compare values of k. We used cross-validation with 30 replicates, and a scores with 10 replicates for each number of retained principle components (PCs), to determine the number of PCs to retain in the analysis, favoring cross validation if discordant (Jombart and Collins, 2015) . We also performed DAPC with prior clusters corresponding to sampling localities.
Secondly, we evaluated population structure with STRUC-TURE 2.3 (Pritchard et al., 2000) , which uses a Bayesian framework to assign individuals to a user-defined number of genetic clusters (K) by maximizing conformity to HardyWeinberg equilibrium and minimizing linkage disequilibrium. We implemented the admixture model with correlated allele frequencies, and ran the analysis with and without locality data using the LOCprior (LOCISPOP). We conducted 10 independent runs for K = 1 to K = 16, each with randomly generated seeds, and assessed convergence by comparing results across runs. We ran 700,000 iterations for each Markov chain Monte Carlo (MCMC) and discarded the first 350,000 iterations as burn-in (Converse et al., 2017 (Jakobsson and Rosenberg, 2007) and Distruct v.1.1 (Rosenberg, 2004) . Because DK detects the basal level of structure (Evanno et al., 2005) , we ran STRUCTURE hierarchically to test for substructure within clusters (Converse et al., 2017; Janes et al., 2017) . Finally, we used a spatially explicit Bayesian model in TESS v.2.3.1 (Durand et al., 2009 ) to estimate the number of clusters and admixture proportions. Results from TESS did not reveal further genetic structure compared to DAPC or STRUCTURE, so we present the methods and results for TESS in Figure S2 . (IUCN et al., 2015) . The asterisk denotes the sampling region of the contact zone in northern Ohio. (B) Sampling region including 16 localities. Pies represent the proportion of individuals of the OH (white) and PA (black) mtDNA clades discovered at each site, and pie size corresponds to sample size. Notable riverine barriers are labeled; locality numbers are positioned to indicate the side of rivers that sites are located. Sites 10 and 12 in bold were sampled for mtDNA by Radomski (2017) , and were designated as PA and OH populations, respectively. (C) STRUCTURE results (K = 2) for microsatellite DNA using the admixture model, without incorporating the LOCprior. (D) STRUCTURE results (K = 2) using the admixture model and the LOCprior (LOCISPOP). (E) NewHybrids results using uniform priors. Each individual is a vertical bar, and the y-axis indicates an individual's posterior probability of assignment to each genotype class (summing to 1). Black portions of the bar represent the assignment probability to one of two parent populations. White portions represent backcrosses to this first parent population. Probabilities of assignment to all other genotype classes (parent population 2, F1, F2, backcross to parent population 2) are combined and represented by gray, although these combined posterior probabilities are low (<0.04) and generally not visible.
To identify hybrid individuals, we used NewHybrids v.1.1, which estimates the posterior probability of each individual belonging to distinct genotype frequency classes (Anderson and Thompson, 2002) . We used the default classes of pure parentals, F1, F2, and backcrosses. We tested both Jeffrey's and uniform priors for mixing parameters and allele frequencies. For both priors, we performed five independent runs, each with 200,000 iterations discarded as burn-in followed by 1,000,000 iterations for analysis, and compared runs for convergence.
MtDNA Cline Analyses.-Because microsatellite loci did not exhibit fixed differences between clades, we used the R package 'INTROGRESS' (Gompert and Buerkle, 2010) to assign alleles to either clade, using sites 1 and 16 as reference populations for the OH and PA clades, respectively. Results from INTROGRESS (Appendix 5), STRUCTURE, DAPC, TESS, and NewHybrids, however, indicate that microsatellite variation does not support the presence of two clades (see results), and we were unable to determine which clade (OH or PA) the microsatellite DNA represented. In addition, when we divided individuals into groups based on mtDNA clade, the most common microsatellite alleles were the same for 9/10 loci. Therefore, we performed a cline analysis using only mtDNA haplotypes with the R-package 'HZAR' v.0.2-5 (Derryberry et al., 2014) , that fits data to cline models with a Metropolis-Hastings algorithm. We detail clinefitting methods in Appendix 6.
Finally, we quantified the strength of selection on mtDNA under a tension zone model, assuming that the width of the mtDNA cline reflects a balance between gene flow into the hybrid zone and selection against hybrids (a tension zone). The strength of selection, s, is proportional to cline width, w, and dispersal, r (standard deviation of parent-offspring distance), where s = 8r 2 /w 2 (Bazykin, 1969; Alexandrino et al., 2005) . We tested our best-fit cline width values along with dispersal values of both r = 20 m, as studies have estimated dispersal distances <20 m (Cabe et al., 2007; Grant and Liebgold, 2017) , and r = 80 m, the latter proposed as the yearly rate of expansion during post-Pleistocene expansion (Cabe et al., 2007) .
RESULTS
MtDNA Genotyping, Microsatellite Quality Control, and Summary Statistics.-Of the 316 cytochrome b haplotypes, 159 were OH clade and 157 were PA clade (Fig. 1B) . Most populations were fixed for one haplotype, but five sites (5, 6, 7, 8, 12) contained both OH and PA haplotypes. Site 9 contained only PA-clade haplotypes despite being geographically intermediate to sites 8 and 12, both of which contained both haplotypes.
For microsatellites, there was no evidence for deviations from HWE or for genotypic linkage disequilibrium after sequential Bonferroni correction. Micro-Checker detected evidence for homozygote excess and null alleles in PC7 (site 11), PC25 (6, 10, 13), and PC37 (3). We retained these loci, but their exclusion did not affect our analyses (results not shown). Across all loci and sites, we recovered 85 alleles, ranging from 3 (PC30 and PC37) to 21 (PC25) alleles per locus (Table 2 ; summary statistics for each locus based on mtDNA clade membership and sampling locality in Appendix 7 and Supplementary Table S1, respectively). Although some loci had low allelic diversity or were fixed for a single allele at most sites (e.g., PC30), tests for genetic differentiation and structure yielded qualitatively identical results when the four most allele-poor loci were dropped from analyses (results not shown). Therefore, we retained all loci in subsequent analyses.
Microsatellite Genetic Differentiation and Isolation-by-Distance.-Locus-specific estimates of G'' ST ranged from -0.003 to 0.201. All loci except PC37 exhibited significant differentiation after Bonferroni correction. Pairwise estimates of G'' ST ranged from -0.008 (sites 2 and 14) to 0.239 (3 and 9), and 64 of the 120 comparisons were significant after Bonferroni correction (Table  3) . When we grouped individuals based on their mtDNA clade, microsatellite differentiation was low, but significant (G'' ST = 0.03; P < 0.001). The db-RDA did not support the hypothesis of isolation-by-distance: adjusted R 2 indicated geographic distance accounted for 15.8% of the variation in F ST , but this relationship was not significant (P = 0.08; see Fig. S3 for a scatterplot of pairwise F ST and geographic distance).
Microsatellite Population Structure and Hybrid Identification.-With our microsatellite data, DAPC did not reveal genetic clusters that correspond to clade membership or geographic proximity. BIC scores did not suggest a clear number of clusters in the data (Fig. S4) , and across K-values clusters overlapped considerably (we show K = 6 in Fig. 2A) . Individuals of either mtDNA clade appeared evenly distributed among these clusters 2B) . When clustering by sampling locality, clusters largely overlapped, with the possible exception of sites 9 and 16 (Fig. S5) . Without the LOCprior, STRUCTURE did not detect any population structure (Fig. 1C) , a result corroborated by TESS across several models and K-values (Fig. S2) . When using the LOCprior, STRUCTURE found an optimal solution at DK = 2 using the Evanno method. These two groups form weakly differentiated eastern and western clusters (Fig. 1D) . The western group included five sample sites with low levels of admixture (average ancestry coefficient (q) ‡ 0.919; sites 1, 4, 5, 6, 7), whereas site 9 accounted for the only eastern group locality with limited admixture (q = 0.915). The remaining 10 populations were either highly admixed, or STRUCTURE was unable to assign individuals to either group with confidence. When we repeated STRUCTURE within the western group, we did not detect substructure. We did not analyze the eastern group, because all sites except site 9 were highly admixed; however, we also analyzed the results of K = 3 with all 16 sites and observed similar structure as K = 2, except the eastern group was divided into two clusters (Fig. S2 ). The LOCprior model hints at the possibility of two or three genetic groups within our range of sampling, but this is not corroborated by other analyses, and no analysis indicates a cline, as expected from a hybrid zone.
Using NewHybrids with Jeffrey's priors, we failed to obtain consistent results when the starting seeds were altered among successive runs, suggesting the prior was not appropriate. With uniform priors, 308 individuals had a posterior probability >0.9 of belonging to a single pure parental population, whereas the remaining 8 individuals had some posterior probability of being backcrosses to this parental population, although probabilities of backcrossing were all <0.5 (0.11-0.47), suggesting evidence of backcrossing is not well supported. We did not find putative backcrosses at a single locality or geographic region (Fig. 1E ), but were distributed among populations. Therefore, NewHybrids did not provide compelling evidence of a hybrid zone within our sampling range.
MtDNA Cline Analyses.-In contrast with the microsatellite data, mtDNA showed good evidence of a cline: all five cline models outperformed the null model of no cline (all DAICc > 241.3; Table 4 ). The model with the lowest AICc value (AICc = 62.6) was the right-tailed model, with c = 23.5 km, and w = 2.1 km, although estimates for the parameters relating to the introgression tail (d R and s R ) were variable ( Table 4 ). The two log-likelihood support limits for both c (23.0-27.4 km) and w (0.9-10.9 km) overlapped support limits of the no-tail model (DAICc = 6.0; c = 27.3 km; w = 11.6 km; Table 4 ; Fig. 3 ). These estimates indicate that the cline center is situated between sites 6 and 8; however, sites 8-13 fall outside of the 95% credible region (Fig. 3) , suggesting that the model may not accurately reflect the cline center, perhaps because calculations were based on a onedimensional cline model. Our estimates for selection strength indicated little to no selection: assuming r = 20 m, s = 0.07% (0.00-0.40%, based on the two log-likelihood width estimates); assuming r = 80 m, the selection strength increases modestly to 1.16% (0.04-6.32%).
DISCUSSION
In this study, we sought to characterize a hybrid zone identified with the use of mtDNA by using nuclear markers. Northern Ohio possesses a postglacial landscape, so the hybrid zone must have formed relatively recently (Radomski, 2017) . Our sampling transect captured the mtDNA cline, with five localities containing both mtDNA clades. We found a best-fit mtDNA cline width of 2.1 km (0.9-10.9 km), which is comparable to the width of another P. cinereus contact zone on 
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AICc the Delmarva Peninsula. There, allozymes showed free gene flow between groups that likely colonized from the north and south (Wynn, 1986) . Because cline widths are a function of dispersal rates and selection against hybrids or, in the case of neutral clines, time since secondary contact (Barton and Hewitt, 1985) , this suggests weak selection, or a similar time since secondary contact. Assuming a tension zone model, we estimated selection strengths from 0.00 to 6.32%. These simple calculations, though they include considerable uncertainty, differ greatly from other estimates, such as the hybrid zone between Ensatina eschscholtzii xanthoptica and Ensatina eschscholtzii platensis (s = 46-75% with cline widths 730-2000 m; Alexandrino et al., 2005) , or that of the yellow-rumped warbler (Dendroica coronata; s = 18%; Brelsford and Irwin, 2009 ). In addition to relatively weak selection in our hybrid zone, there may be no assortative mating: a recent study found no difference in male preference for female sex pheromones of the OH or PA clade, nor did their pheromone profiles differ significantly (Baggett, 2016) . Although mtDNA would suggest a neutral cline, our microsatellite results do not diagnose a cline or a hybrid zone. A diversity of analyses suggests that all or most individuals from Fig. S4 ), but other values from K = 3-10 did not provide more (or less) useful summaries of the data. The x-and y-axes represent the first and second discriminant axes (DA), respectively. Ellipses are set to approximate a 95% confidence interval (ellipse = 2.5). Inset displays cumulated variance (%) explained against the number of retained PCs. (B) Scatterplot of the same data as (A), but individuals are labeled as OH (blue) and PA (red) mtDNA clade. Note that mtDNA clade membership was not used in clustering analysis; these results simply display mtDNA clade onto the DAPC of K = 6. across the range of our sampling represented a single parental type. Similarly, most analyses suggested no population structure in the transect. The exception is that two or three weakly divergent groups were present when a location prior was used in STRUCTURE; however, these groups do not present a clear cline, as expected in the middle of a hybrid zone, and seem to be the result of subtle population structure rather than secondary contact. Our patterns of nuclear variation resemble other northern populations of P. cinereus, which possess weak population structure and a lack of isolation-by-distance as a consequence of post-Pleistocene population expansion (Highton and Webster, 1976; Jordan et al., 2009; Radomski, 2017) .
Though we detected little microsatellite genetic structure, patterns of genetic differentiation suggest that PA-clade populations that dispersed into Ohio along Lake Erie may have founded some of the coastal populations. Site 9, which is in the middle of the transect but near the coast of Lake Erie, possessed relatively high genetic differentiation in pairwise comparisons, and also included mtDNA haplotypes (n = 26) from only the PA clade despite localities containing both haplotypes to the east and west (as close as 4 km away). Site 9 clusters most closely with, and is the least genetically differentiated from, 15, which is also located along the coast of Lake Erie. Wider sampling and population-genetic analyses with more loci are necessary to infer colonization routes.
We observed a cline consistent with a hybrid zone with mtDNA; however, microsatellite variation supports the presence of only a single genetic population throughout our transect. The conflicting patterns of mtDNA and microsatellites suggest that we have uncovered an example of mitonuclear discordance, in which cline centers or widths differ between the two types of markers (Toews and Brelsford, 2012) . Studies of hybrid zones in other terrestrial salamanders provide examples of both concordant and discordant clines. For instance, in the ring species Ensatina eschscholtzii, studies of the hybrid zone between E. e. xanthoptica and E. e. platensis show coincident clines, and between Ensatina eschscholtzii eschscholtzii and Ensatina eschscholtzii klauberi there is a relatively small discordance of~100 m (Alexandrino et al., 2005; Devitt et al., 2011) . Similarly, Kuchta (2007) found coincident cline centers between mtDNA and allozyme markers in a hybrid zone between the Pacific Newts Taricha torosa and Taricha sierrae. Concordance or minor discordance is common, but some studies have documented more exaggerated discordance. For instance, between distantly related clades of E. e. platensis there is a discordance of~50-75 km between nuclear and mtDNA cline centers (Kuchta et al., 2009) .
The unique properties of mtDNA (e.g., haploid, maternally inherited, lack of recombination, independence from nuclear genome) can affect its patterns in phylogeography and hybrid zone analysis, and the mitonuclear discordance in our transect suggests two possible scenarios. First, the cline in mtDNA may not be the result of secondary contact, or a recent lineage merger has obscured the signal of secondary contact for nuclear DNA. Second, there may be a nuclear cline, but it lies outside of our sampling transect. In the first scenario, the OH and PA mtDNA phylogeographic break may have formed as an artifact of genetic drift rather than secondary contact. Phylogeographic breaks for other taxa are not known in this area, and simulations show that with large effective population sizes and low dispersal, arbitrary phylogeographic breaks in mtDNA can form without historical allopatry (Irwin, 2002) , although a dearth of clear examples suggests it is rare. Alternatively, the phylogeographic break may reflect ancient allopatry succeeded by secondary contact and lineage merger, in which the microsatellite cline is far wider than our sampling and so not detectable. Some studies have posited that mtDNA can reflect historical processes, such as divergence in multiple refugia or past introgression, whereas nuclear markers more closely track the current demographic dynamics (Jockusch and Wake, 2002; Weisrock et al., 2005; Edgington et al., 2016) . Further, by not selecting loci a priori with known clade-specific alleles (e.g., Alexandrino et al., 2005; Kuchta, 2007) , we may not have been able to recover a subtle nuclear cline within our transect, although INTROGRESS suggests that none of our 10 loci are consistent with a cline or secondary contact.
The second scenario, in which a nuclear cline lies outside of our transect, would be a drastic example of noncoincident nuclear and mtDNA cline centers. Historical processes can lead to this pattern as well, if mtDNA reflects the point of ancient secondary contact followed by hybrid zone movement (Jockusch and Wake, 2002) . Alternatively, adaptive introgression of mtDNA from one clade to the second could lead to noncoincident cline centers, as mtDNA may be under selection independently from the nuclear genome (Ballard and Whitlock, 2004) . Although a number of other possible causes of noncoincident cline centers remain (Toews and Brelsford, 2012) , wider sampling with nuclear markers would allow us to determine first if mtDNA represents a true secondary contact zone.
The discordance among loci that we recorded in this study highlights the value of examining multiple data sets. Mitonuclear discordance may evolve through several mechanisms, and a nuclear cline could lie outside of our sampling range. Alternatively, we may have identified yet another example of secondary contact in a postglacial landscape followed by lineage merger, which may be ongoing (Jokusch and Wake, 2002; Richmond and Jockusch, 2007) . More work involving wider sampling and genomic resources is needed to evaluate competing hypotheses and develop a clearer understanding of the evolutionary dynamics operating in this possible secondary contact in P. cinereus. APPENDIX 5. Proportions of alleles in each population assigned by INTROGRESS to the first reference population, using site 1 (putatively OH clade; n = 16) and site 16 (putatively PA clade; n = 14) as the first and second reference populations, respectively. Results should be interpreted with caution because tests for population structure and hybrid identification indicate all populations, including reference populations, are within the same cluster, but do not indicate if this cluster corresponds with the OH or PA clade. 
